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Introduction
In the past 20 years researchers in the field of plant biology have made great strides using chemical genetics approaches, both forward and reverse, improving our understanding of cell wall biosynthesis, the cytoskeleton, hormone biosynthesis and signaling, gravitropism, pathogenesis, purine biosynthesis, and endomembrane trafficking 1, 2, 3, 4, 5 . Employing forward chemical genetics techniques enables the identification of phenotypes of interest and allows researchers to understand the genotypic underpinnings of particular processes. Conversely, reverse chemical genetics seeks out chemicals that interact with a pre-determined protein target 6 . Arabidopsis has been at the forefront of these discoveries in plant biology because its genome is small, mapped, and annotated. It has a short generation time, and there are multiple mutant/ reporter lines available to facilitate the identification of aberrant subcellular machinery 7 .
There are two major bottlenecks that slow the progress of forward chemical genetic screens, the initial screening process and determining the target of the compound of interest 8 . A major aid in increasing the speed of small molecule selection is the use of automation and automated equipment 9 . Liquid handling robots are an excellent tool for handling large libraries of small molecules and have been instrumental in driving progress in the biological sciences 10 . The protocol presented here is designed to alleviate the bottleneck associated with the screening process, enabling the identification of bioactive small molecules at a rapid rate. This technique decreases the burden of labor and time on behalf of the operator while also decreasing the economic cost to the principle investigator.
Thus far, most chemical libraries analyzed have held between 10,000 and 20,000 compounds, some with as many as 150,000 and some with as few as 70 9, 11, 12, 13, 14, 15, 16 . The protocol introduced herein was implemented on a small molecule library of 50,000 compounds (see Table of Materials), one of the larger forward chemical genetics screens conducted on Arabidopsis to date. This protocol fits with the current trend towards increased efficiency and speed regarding forward chemical genetics, especially as it pertains to herbicide discovery, insecticide discovery, fungicide discover, drug discovery, and cancer biology 17, 18, 19, 20, 21 . Though implemented here with Arabidopsis, this protocol, could easily be adapted to cell cultures, spores, and potentially even insects in liquid medium within 96-, 384-, or 1536-well plates. Due to its small size, Arabidopsis is amenable to screening in 96 well plates. However, distributing seeds evenly among wells is a challenge. Hand seeding is accurate but labor intensive, and though there are devices designed to dispense seeds into 96-well plates, they are expensive to purchase. Here, we show how this step can be circumvented with just a small loss in accuracy.
The overall goal of this method was to make screening a large chemical library against Arabidopsis more manageable, without compromising accuracy, via the use of a liquid handling robot. The use of this method improves the efficiency of the researcher by decreasing the time taken to complete initial dilution series management and subsequent phenotypic screens, allowing quick visualization of samples under a dissecting microscope, and rapid identification of novel bioactive small molecules. Pipette Tips by aspirating and dispensing 70 µL of 70% EtOH from P7, then washing them in the Multichannel Tip Wash ALP by aspirating and dispensing a 110% volume of water four times. 10. Repeat steps 1.8 -1.9 for the second pair of plates on P8 and P9. Upon creating the second 96-Well V-Bottom Dilution Plate, stack the plates in the following order from bottom to top: P9, P5, P8, and P4. Then, place the stack on one empty Static ALP; either P1, P2, P6, P10, P11, P12, or P13. 11. Repeat steps 1.6 -1.10 until Room 5 in Hotel A is empty. Repeat step 1.5 upon reaching Room 6, moving new AP96 P20 Pipette Tips to the Tip Loader ALP and placing the used AP96 P20 Pipette Tips on an empty Static ALP. 12. Repeat steps 1.6 -1.10 until Room 9 of Hotel A is empty. However, in order to proceed to Hotel B, the plates and tips on the deck must be reloaded into Hotel A. 13. Re-fill, by hand, the 300 mL water reservoir. This step is crucial, and the computer program can incorporate a pause detailing this message, requiring the user to hit 'continue', before carrying out the next step. 14. Repeat steps 1.5 -1.13 for the remaining hotels, ensuring a full 300 mL water reservoir each time prior to proceeding to the next hotel.
Discussion
This protocol is designed to aid researchers in accomplishing a forward chemical genetics screen on Arabidopsis. We provide representative results from a screen of 50,000 compounds (Figure 2 and Figure 3) , one of the largest forward chemical genetics screens performed on Arabidopsis to date 9, 13, 23 . The use of a liquid handling robot enabled more efficient dilution library and screening library generation, improving the speed and efficiency of identification of novel compounds. Increasing the capacity to screen in a high throughput nature was accompanied by decreasing labor on behalf of the researcher. This technique was designed to be used with 96-well plates, which can accommodate small seeds or plants visible under a dissecting microscope. Utilizing plates with larger wells to fit larger seeds would require modifications to the throughput and design.
Additional limitations of this technique include the difficulty of using this piece of equipment with aseptic techniques; however, we did not encounter high percentages of contamination due to ½ MS media lacking sucrose. One could circumvent any contamination issue by placing the robot in a sterile room, allowing for sterile conditions and cell culture, or by using a liquid handling robot with a sterile chamber 24, 25 . Another limitation is tip size and seed aspiration. A small pipette tip such as the AP96 P20 would clog with seeds; therefore, a larger pipette tip must be used for seed dispensing and solution mixing.
Critical steps within this protocol include the careful labeling of all plates in the dilution library and screening library, ensuring they are in the proper orientation along with correct order when feeding the robot. Clear labeling and systematic processing is straightforward and can overcome this issue. Another critical step is ensuring that the right equipment is in the correct place before starting the experiment, both within the Stacker 10's and on the deck. If the equipment is not properly placed on the deck, the 96-Channel 200 µL Head could crash, damaging the instrument and requiring maintenance. Another critical step is ensuring that the correct amount of liquid is placed within the 300 mL reservoirs and that this amount is entered correctly into the software. If the numbers don't match, the tips will not reach the liquid and aspiration will not occur.
It is also necessary to take steps to ensure that results obtained are accurate. One error that we noticed while developing the protocol was linked to tip life. After successive loading and unloading, the tips lose their ability to aspirate and dispense accurately. It is therefore imperative that each set of 96 tips is used a maximum of four times. It is also important to change the wash water regularly to avoid the potential for chemicals to be inadvertently added to screening plates. Finally, some chemicals have a tendency to precipitate out of solution
